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Abstract

SPECIES DISTRIBUTION MODELING AND COLD-TOLERANCE OF
A FUNGUS-FARMING ANT SYMBIOSIS

Sarah Senula
Thesis Chair: Katrin Kellner, Ph.D.
The University of Texas at Tyler
May 2019
Current anticipated climate change suggests that average global temperature will
continue to rise and will cause species ranges to shift to higher latitudes and altitudes. In
general, species that are tolerant to a wide range of temperatures and water availability
will be able to adapt to changing global temperatures opposed to those who have smaller
ranges. In the light of global climate change, many symbioses have been studied
regarding stress-induced and adaptive evolution, however, one symbiosis yet to be
thoroughly considered is that between fungal-gardening ants and their fungal symbionts.
In the following studies, we lay foundation for such work. First, we created species
distribution models for eight species of Trachymyrmex found within the United States.
From these models, we have provided evidence that temperature is one the limiting
factors within all presented species. Secondly, we have conducted cold-tolerance assays
on Trachymyrmex septentrionalis, an attine species with one of the largest distributions
and latitudinal clines among all fungal-gardening ants. This species is an ideal organism
to investigate cold-stress adaptation, as we can evaluate cold-tolerance of both the ant and
the fungus. We have concluded that both the ants and fungal cultivar have adapted to be
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cold-tolerant in their northern ranges. From these studies, we may be able to predict how
attines, other species of ants, and insects may respond to climate change.

vi

Chapter 1
Introduction and General Information
The effect of climate change on symbioses
In the last couple of decades, there has been an ever-growing amount of evidence
supporting the occurrence of climate change. According to the State of the Climate report
of the US National Oceanic and Atmospheric Administration (NOAA, 2017), the
evidence is based on 10 different indicators, including increasing air temperature in the
Earth’s atmosphere and over land. As of September 2017, the year-to-date global average
land and sea surface temperature were the highest on record (NOAA, 2017). Climate data
show that the rate of global surface temperature has continued to rise between 0.113 °C
and 0.116 °C per decade since 1950 (Karl et al., 2015). This trend presents a threat to
biodiversity, (Pacifici et al., 2015; Dickinson et al., 2014) for climate change can cause
shifts in habitat ranges (Menendez et al., 2014; Hickling et al., 2006; Parmesan and Yohe,
2003).
Questions concerning the affect that climate change has on symbioses are of
interest to scientists, as symbiotic relationships exist among almost every organism on the
planet (Bronstein et al., 2004). Symbiotic relationships consist of two or more organisms
that are in persistent, physical contact with one another, and as such, symbionts can have
profound effects on the fitness, adaptation, and range distribution of its host (Muhammad
et al., 2017; Russel et al., 2016; Engel and Moran, 2013; Douglas, 2010). The presence of
symbiotic microorganisms may allow the host to consume food sources not previously
digestible, thus allowing the host to be able to take advantage of niches that were
previously uninhabitable (DeMilto et al., 2017; Oliver and Martinez, 2014; Aylward et
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al., 2012; Brune, 2014). In some cases, symbionts may even produce food or enhance
nutrient uptake for its host, as is the case with coral algal symbionts and mycorrhizae
fungi, respectively (Marschner and Dell, 1994). Scientists are investigating how climate
change may affect the symbiotic partnerships of corals and their algal symbionts, and
plants and their mycorrhizae fungus as increased CO₂ in the atmosphere, drought, and
warming have broad impacts on both symbioses (Stuart-Smith et al., 2018; Moya et al.,
2006; Wolff et al., 2015; Hoegh-Guldberg et al., 2007; Le Houeou, 1996; Bent, 2006;
Hawkes et al., 2008; Compant et al., 2010; Cunning et al., 2015; Rowan, 2004; Grottoli et
al., 2018; Querejeta, 2009).
One of the aims of this study it to investigate the thermal tolerance of a symbiotic
relationship consisting of a terrestrial insect and its symbiont, as this type of symbiosis
has yet to be investigated thoroughly. Ectotherms have relatively low acclimation
abilities and studies have shown that behavioral and evolutionary mechanisms will be
responsible for the plasticity in thermal tolerance (Gunderson et al., 2017; Gunderson and
Stillman, 2015).

Cold-tolerance in insects
Insect performance is directly controlled by temperature; low-temperatures
especially are one of the best ways to determine insect distribution and habitat suitability
(Li et al., 2015; Chown and Nicolson, 2004). As small-bodied ectotherms, insects tend to
be susceptible to extreme temperatures (Overgaard et al., 2014; Wernegreen, 2012;
Denlinger and Yocum, 1998a; 1998b). In cold regions of the planet, such as temperate,
polar, montane, or desert habitats, insects spend most of their lives in an overwintering
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state, where they must encounter and survive low temperature stressors (Leather et al.,
1993; Williams et al., 2015). Being able to survive potentially-lethal cold temperatures is
a large component of insect fitness (Angersen et al., 2015; Sinclair et al., 2015). Climate
change is causing there to be an overall average increase in global temperature, however,
this increase in average global temperature may be causing extreme cold temperatures in
parts of North America, Europe, and Asia (Johnson et al., 2018; Overland et al., 2011;
Wolter et al., 2015) Insects are already being impacted by climate change, due to
changing precipitation, habitat destruction, fragmentation, and extreme temperatures
(Boggs, 2016; Nooten et al., 2014; Wernegreen, 2012; Hoffman and Sgro, 2011). Thus,
evaluating insect cold-tolerance is necessary in order to predict how insect distributions
may change in the future.

Attine ant biology
Insect distributions are governed by temperatures as their internal temperature is
directly controlled by ambient air temperature, and thus can have profound impacts on
development (Addo-Bediako et al., 2000; Andersen et al., 2015; Kimura, 2004; Sunday et
al., 2011). However, microbial symbionts of insects may facilitate or constrain
physiological responses to a changing environment (Wernegreen, 2012). One example of
this is seen in cold-tolerant fungi grown by leafcutter ants in North America (Mueller et
al., 2011).
The type of insect fungiculture that the following studies investigate are antfungal symbioses, or the attine ants, a clade that consists of approximately 230 species
that collect plant material to feed to their underground fungal gardens (Schultz and
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Brady, 2008). It is believed that the origin of these species occurred approximately 50
million years ago in the New World tropics (Schultz and Brady, 2008).
There are five different types of agriculture that attines exhibit: lower, coral
fungus, yeast, higher, and leaf-cutter. While all attine species have been found to be
monophyletic, it seems as though the fungus that they cultivate are not, indicating that
fungus was acquired multiple times throughout their evolution (Nobre et al., 2011). Most
fungus-growing attine species compose the “primitive” or basal lineages, where fungalgardens are fed rotting leaf fragments and dead organic material (Hölldobler and Wilson,
2010). Lower attine ants grow cultivars that have been shown to be able to live
completely on their own (Schultz and Brady, 2008). This type of agriculture has been
hypothesized to be the first type to evolve in this ant lineage. Another type of agriculture
consists of coral fungus gardens grown by species from the Apterostigma genus (Schultz
and Brady, 2008). During the approximate 50-million-year evolution of agriculture in
ants, it seems as though this type of fungal agriculture has evolved only once.
Attine ants that exhibit higher and leaf-cutter agriculture are derived from the
lower attines; the fungi that they cultivate also appear to be derived from the lower attine
fungi (Schultz and Brady, 2008). However, in the case of higher and leaf-cutter attines,
the fungal-cultivars are incapable of free-living. Another difference between lower and
higher attine cultivars is that higher cultivar fungi produce gongylidia, nutritious swollen
hyphal tips that are harvested by the ants for consumption (Schultz and Brady, 2008).
While not all attine fungus depend on the ants to survive, all attine ants are in obligate
relationships with their fungal-cultivars and require their nutrient output for survival
(Schultz and Brady, 2008). In contrast with fungal-gardening termites, attine cultivars are
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received vertically; a virgin queen will take part of the cultivar with her on her nuptial
flight (Schultz et al., 2015). Once mated, the queen will then find a suitable place to start
her colony and start the fungal-cultivar by laying eggs onto it (Schultz et al., 2015). Once
the first generation of ants have matured, they begin to further excavate the colony and
from then on out tend to the fungal gardens; the only task that the queen has is to
continue to lay eggs within the fungal-garden.
Depending on the type of fungiculture, the garden is fed different types plant
matter, varying from decayed to fresh (Nobre et al., 2011). It has been shown that in the
case of leaf-cutters, ants seem to be selective about what type of plant material they bring
back to the colony; each species tend to choose only a certain type of leaf or plant to feed
to their cultivar (Pereira et al., 2016). The worker ants are completely responsible for
feeding the fungal-garden plant material and the fungus then provides nutrients by
breaking down cellulose, serving as an external digestive organ for the ants (Khadempour
et al., 2016; DeMilto et al., 2017). Recently there has been evidence presented showing
that attine ants can perform “quality control” on the plant matter that it wishes to bring
back to the fungal-garden (Rocha et al., 2014). Leaf-cutters have employed ways to sense
endophytic fungus on leaves; endophytic fungus is a symbiont of many plants that serves
to help protect the plant from herbivores (Rocha et al., 2014). It is important for ants to
carefully control what they bring in to their nests, because if their fungus is not thriving,
presumably neither will they.
Attine ants are found only in the tropics and temperate regions of North and South
America. Most species are found in the tropical regions of Mexico and Central and South
America (Hölldobler and Wilson, 2010). Some species, however, are found in the dry,
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arid deserts of the American southwest and cold-temperature deserts in central Argentina
(Farji-Brener and Ruggiero, 1994). One species of higher attine ants, Trachymyrmex
septentrionalis, has one of the most widespread distributions and steepest latitudinal
variation of all attine ants, that extends from inland Southern Texas northward towards
Illinois and Ohio and coastally in New Jersey and New York (Seal et al., 2015; Rabeling
et al., 2007). This species is of particular interest because of this range and thus, is one of
the study systems utilized in the following study.

Trachymyrmex septentrionalis biology
T. septentrionalis is a widespread species, where their biomass can take up large
portions in southern United States pine forests, with over 1,000 nests present in a single
hectare (Seal and Tschinkel, 2006) T. septentrionalis colonies create distinctive crescent
shaped mounds of substrate during times of high activity. Due to this species nesting in
very sandy soils, distributions are found to be locally patchy (Rabeling, 2007). Northern
occurring colonies have active times that last from early May to September and are found
in areas with almost exclusively pure sand soils and open woodland habitats. Southern
populations, i.e. those found in Florida and Texas, stay active most of the year and are
commonly found in a variety of oak and pine forest habitats with very sandy soil and
light shade (Tschinkel and Bhatkar, 1974; Weber, 1972). During non-active times,
northern colonies will hibernate and the fungus becomes dormant; hibernation length
varies with respect to latitude. The underground nest structure of T. septentrionalis
consist of multiple fungal-chambers connected by vertical tunnels and colonies can have
up to a few hundred individuals (Weber, 1972). Colonies have three to six fungus
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chambers that range in size from 3-6 cm3 to about 400 cm3 and can range in depth from 5
cm to over 100 cm (Tschinkel and Seal, 2016).

Study Aims
Insect performance within symbioses, specifically ant-fungal symbioses, have yet
to be thoroughly addressed regarding climate change. Attine ants live in obligate
symbioses with their fungal cultivars; attines completely depend on the fungus for food
and the fungus is farmed and maintained by the ants (Chapela et al., 1994; Mueller et al.,
2001, 2005). The fungus has specific growing conditions that may vary depending on its
species, however, most leafcutter species are found in the tropics, where there is little
variation in temperature and humidity throughout the year (Farji-Brener and Ruggiero,
1994; Fowler, 1983; Mueller and Rabeling, 2008; Wild, 2007). The northern most leafcutter ant, Atta texana, has been shown to grow fungus that varies in its cold-tolerance
based on the climate in which it is being grown. Northernmost populations are able to
grow fungus that is colder-more tolerant compared to those found in more southern
occurring populations (Mueller et al., 2011). We wish to further explore cold-tolerance
within this attine symbiosis in closer detail using a closely related, higher-attine ant,
Trachymyrmex septentrionalis, as our model species. In Chapter 2, we report species
distribution models that were created for eight Trachmyrmex species (Figure 2.3 & 2.4).
By creating these models, we hypothesized that we could determine which environmental
variables were most important in each species distribution. We also wanted to determine
species distribution similarity within these eight North American attine ants. In Chapter
3, we use T. septentrionalis and its fungal cultivar as a model symbiosis. By breaking
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down this obligate symbiosis, we hope to estimate the relative contribution of coldtolerance from the fungus alone and then investigate overall cold-tolerance when ants are
present. This study will yield results that will assist in range-limit evolution studies
regarding climate change, for as of recent, most range-limit studies have been theoretical
(Hellman et al., 2012; Roux et al., 2012).
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Abstract
Insects are the most abundant and diverse group of terrestrial animals on the
planet, with ants (Hymenoptera: Formicidae) being among the most successful in Earth’s
evolutionary history. However, there is a lack of distribution surveys readily available for
many ant species. By creating MaxEnt species distribution models for each of the eight
most abundant Trachymyrmex species in the United States, we wished to describe the
environmental factors that likely impact the ranges of each species. We successfully
generated predictive maps of habitat suitability for each species and identified the
environmental variables that contributed most in each distribution, in each extent. We
also quantified overlap between species and evaluated possible congruence in species
distributions. In six out of eight of the United States models, isothermality (BIO3)
emerged as the variable that contributed most to the overall model, whereas in the
remaining two species, T. septentrionalis and T. turrifex, minimum temperature of the
coldest month (BIO6) and annual mean temperature (BIO1) contributed most to the
model, respectively. The United States and Mexico models also have temperature
environmental variables contributing most to the model: mean diurnal range (BIO2),
mean temperature of wettest quarter (BIO8), mean temperature of driest (BIO9), and
mean temperature of warmest quarter (BIO10). Of the eight species, the United States
distributions of T. arizonensis, T. carinatus, and T. desertorum were statistically
indistinguishable from one another. All other species distribution comparisons show
significant differences between species. These models provide evidence that temperature
may be the limiting factor in each species distribution and that these species have adapted
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to temperatures differently, which may contribute to incongruences seen in the species
distributions.

Introduction
Insects are the most abundant and diverse group of terrestrial animals on the
planet, with ants (Formicidae) being one of the most successful in Earth’s evolutionary
history (Hölldobler and Wilson, 1990; Ward 2014). With over 16,000 ant species spread
throughout diverse ecological niches (Bolton, 2016), it has been suggested that their
symbiotic relationships with microorganisms may have been a major cause of their
radiation and success (Hu et al., 2018; Neuvonen et al., 2016; Russell et al., 2009;
Caldera et al., 2009; Akman Gunduz and Douglas, 2008; Douglas, 2015; Feldhaar and
Gross, 2009; Janson et al., 2008; Klepzig et al., 2009). Symbiotic relationships consist of
two or more organisms that are in persistent, physical contact with one another, and as
such, symbionts can have profound effects on the fitness, adaptation, and range
distribution of its host (Muhammad et al., 2017; Russel et al., 2016; Engel and Moran,
2013; Douglas, 2010). The presence of symbiotic microorganisms may allow the host to
consume food sources not previously digestible, thus allowing the host to be able to take
advantage of niches that were previously uninhabitable (DeMilto et al., 2017; Aylward et
al., 2012; Brune, 2014; Oliver and Martinez, 2014).
While ants are among the most abundant and diverse group of insects, there is a
lack of distribution surveys readily available (Diniz‐Filho, 2010; Simoes-Gomes et al.,
2016), especially in the south-eastern United States (Tschinkel et al., 2012; King et al.,
2013; Noss et al., 2015). To address this relative paucity of available data, researchers
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started to use distribution modeling to determine past, present, and future species
distributions (Lobo, 2016). Species distribution models, or ecological niche models, are
created using available species occurrence data, in conjunction with environmental
characteristics, such as climate or soil datasets from public databases. Models are created
from the environmental characteristics at the locations of species occurrences. Using
these data, the target function, 𝑓: 𝑋 → 𝑌, can be approximated, where 𝑋 is the set of
environmental conditions at a given location and 𝑌 is the probability of occurrence at that
location, by finding the best fit for the model. The approximate function can then be
applied across the entire study area (which are mostly unsampled areas) to estimate how
suitable all locations on the landscape are at a given grain or pixel size (resolution)
(Peterson et al., 2011). This allows one to make a forecast, across a wide area, of where
the species is favored based on the environmental characteristics of the landscape, even if
the entire landscape has not been sampled densely. In this way, putative range maps can
be deduced from limited sampling, and these preliminary maps can then serve as a
springboard to target certain areas for future sampling to corroborate and refine the range
maps (Marcer et al., 2013). Species distribution models can also give insight as to which
environmental variables, used to create the model, are most influential in determining the
range of a species, i.e. temperature, precipitation, or soil properties.
Fungus-farming ‘attine’ ants present a unique study system to investigate range
expansions and distributions. Higher-attine ants (genera Trachymyrmex, Sericomyrmex,
Acromyrmex, and Atta) cultivate gardens of fungal monocultures (leptiotaceous
basidiomycetes in the family Agaricaceae) as their primary food source, while the fungal
garden is protected, fed, and maintained in ideal environmental conditions by the ants
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(Weber, 1972; Hölldobler and Wilson, 1990; Ward et al., 2015). While there are basal
attine lineages that cultivate fungi that have been found to be free-living, higher-attine
ants cultivate fungi that are only found to be grown by ants, thus forming an obligate
symbiotic relationship. Attine ants are found only in the New World and are thought to
have evolved about 55-65 mya (Mueller et al., 2005; Schultz and Brady, 2008; Rabeling
et al., 2011; Ward et al., 2015; Nygaard et al., 2016; Branstetter et al., 2017) in South
America, then expanded Northward across Central America to North America (Rabeling,
2007; Mueller et al., 2017). The environmental factors that determine the distributions of
attine ants may be unlike those in other species distributions, as attine distributions
depend on the environmental needs of both the ant host and their fungal symbionts.
In this study, we created species distribution models for eight North American
fungus-gardening ants in the higher-attine non-leaf-cutting genus Trachymyrmex.
Trachymyrmex is the most species-rich genus of higher-attine ants in North America,
with a total of nine species found in the continental United States. Trachymyrmex is
primarily a tropical genus, but in the United States most of the species are found in the
arid southwestern states of Arizona, New Mexico, and Texas. It is hypothesized that
North American Trachymyrmex species were originally adapted to survive in dry, arid
environments (Rabeling et al., 2007; Seal and Tschinkel, 2006, 2010; Branstetter et al.,
2017), but two species, T. turrifex and T. septentrionalis, range northward into the
temperate zone and thus live in wetter, cooler climates. T. septentrionalis, in particular,
expanded northward towards Illinois and Long Island, New York (approx. 40°N)
(Rabeling et al., 2007; Seal et al., 2015).
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In the present study, we wished to investigate the distribution for each of eight
North American Trachymyrmex ant species: T. arizonensis, T. carinatus, T. desertorum,
T. nogalensis, T. pomonae, T. septentrionalis, T. smithi, and T. turrifex. All species
except T. turrifex belong to the monophyletic septentrionalis-group of Trachymyrmex
(soon to be described as new genus Trachymyrmex sensu stricto; (Solomonn, pers.
comm.), whereas T. turrifex belongs to a more distantly-related subgroup of
Trachymyrmex (soon to be described as new genus) (Solomon, pers. comm.). Soil and
climate are known to be important environmental variables in determining the
distribution of ant species (Diehl-Fleig and Rocha, 1998; Cardoso and Cristiano, 2010;
Cardoso et al., 2010; Meyer et al., 2011; Mueller et al., 2011; Chaladze, 2012; Gils and
Vanderwoude, 2012) with temperature, rainfall, and humidity affecting abundance and
distribution contributing the most (Savopolou-Soultani et al., 2012; Seal and Tschinkel,
2010). By creating MaxEnt species distribution models for each of the eight most
abundant Trachymyrmex species in the United States, we wish to describe the
environmental factors that likely explain the range distributions of each species and
compare the distributions among them.

Methods
2.1 Study design and modelling
MaxEnt modeling is a useful method for creating species distribution models,
because it requires only the locations of known occurrences for a species (in the form of
GPS coordinates) and environmental data that covers wide spatial areas, often available
from public repositories (Phillips et al., 2006). The number of locations of known
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occurrence for a species can be quite small and still be used to make species distribution
models covering a very large area, though this method is not without potential statistical
artifacts (van Proosdij et al., 2016). This allows one to make forecasts of the probable
areas of occurrence of a species based on very limited information, as is the case when
working with endangered species living in fractured landscapes, where obtaining
landowner permissions for surveys is difficult (Marcer et al., 2013). MaxEnt is used to
estimate a species’ probability of distribution in a certain area by creating a raster map,
with each pixel containing a certain score that estimates the relative habitat suitability
(ranging from 0, unsuitable, to 1, highly suitable) of that pixel for that species. A score
will be higher when the environmental variables assigned to that pixel are more similar to
those where the species is known to occur (Phillips and Dudik, 2008). Species
distribution models are typically used to model the distributions of one species at a time,
though in the present study, each model represents two species simultaneously: the ant
species and its obligate symbiont, their fungal garden.
We performed MaxEnt species distribution modeling on eight out of the nine
Trachymyrmex species that are found within the continental United States: T. arizonensis,
T. carinatus, T. desertorum, T. nogalensis, T. pomonae, T. septentrionalis, T. smithi, and
T. turrifex. The ninth US species, T. jamaicensis, was not included in this study due to
their distribution being limited to Southeast Florida, the Florida Keys, and the Caribbean
(Rabeling et al., 2007). T. arizonensis, T. carinatus, T. desertorum, T. nogalensis, T.
pomonae, and T. smithi are broadly sympatric with one another. T. turrifex and T.
septentrionalis are sympatric in certain areas of their ranges, i.e. Texas and Oklahoma.
Species occurrence records were obtained from published and unpublished data from
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collections on private and public land within the known ranges of each species (Figure 1
& 2, Supp. Table S1). The species varied greatly in the number of known locations of
occurrence (see Table 1). This study investigated Trachymyrmex species distributions in
North America using average climatic variables from the years 1970-2000 (WorldClim)
and soil variables. We obtained soil data from the State Soil Geographic (STATSGO)
Data Base (Unites States Department of Agriculture, 1994), and the data processing steps
to create this dataset can be found from Wolock (1997). The STATSGO dataset was
captured as 1:250,000 scale USGS topographic quadrangle units by generalizing soil
survey maps (USGS, 1995a, Mednick, 2010); but since the soil survey maps were not
always available at specific locations, the STATSGO dataset interpolates across these
gaps based on broad physiographic characteristics (Mednick, 2010). A single STATSGO
map unit may contain up to twenty-one different component soils (USDA NRCS, 1994).
Species distributions within the United States plus Mexico were created using
only climate data, for extensive soil data is not available for the Mexico. Species
distribution models were created separately for each species in each area of interest,
totaling 16 maps.
Environmental and species occurrence data were processed using GRASS GIS
Version 7.2 (GRASS Development Team, 2017). All rasters were sampled to a common
resolution of 1000 m x 1000 m and projected into the North American Datum of 1927
horizontal datum reference system in an Albers Equal Area projection (units meters).
Models were created using MaxEnt (Version 3. 4.1) (Phillips et al., accessed 2019).
If any two continuous variables were found to be highly correlated with each
other, according to a Pearson’s moment correlation coefficient (Sokal and Rohlf, 1995) of
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|0.75|, then one of the two was variables was removed from the dataset until no two
variables remaining in the dataset were highly correlated with each other. At each
iteration, we removed the variable that correlated more with other variables, allowing us
to retain the most unique predictors. This methodology allows for a quicker runtime when
creating models without a loss environmental information and can simplify interpretation
of the results (Ellith and Leathwick, 2009). Eight out of nineteen climatic variables and
nine out of seventeen soil variables were incorporated into the model for each species at
the United States extent: annual mean temperature (BIO1), isothermality (BIO3),
minimum temperature of the coldest month (BIO6), temperature annual range (BIO7),
mean temperature of wettest quarter (BIO8), precipitation seasonality (BIO15),
precipitation of warmest quarter (BIO18), precipitation of coldest quarter (BIO19),
available water capacity (inches per inch), annual flood frequency, calcium carbonate in
soil layer (%), cation exchange capacity, share of map unit with hydric soils, erodibility,
average depth of bedrock (inches), slope of map unit (%), and depth of soil (inches).
Eight out of nineteen climatic variables were incorporated into the model for each species
at the United States plus Mexico extent: mean diurnal range (BIO2), temperature annual
range (BIO7), mean temperature of wettest quarter (BIO8), mean temperature of driest
quarter (BIO9), mean temperature of warmest quarter (BIO10), precipitation of wettest
month (BIO13), precipitation seasonality (BIO15), and precipitation of coldest quarter
(BIO19).
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2.2 Model hyperparameter optimization and validation
To achieve models with the greatest predictive power, we optimized the
hyperparameters used in MaxEnt, specifically, the allowed feature types and the beta
regularization multiplier (β). We evaluated hyperparameter combinations for each species
model, included one of the following allowed feature sets, linear + quadratic, linear +
quadratic + hinge, and linear + quadratic + hinge + product + threshold, in combination
with one of the following β values, 1, 1.5, 2, and 2.5. To reduce the chance of spatial
autocorrelation causing inflated metrics, resulting from possible sampling bias, we
separated data into spatially independent bins according to the block method developed in
the ENMeval R package (Muscarella et al., 2014). We chose the block method as it
performs the best in distinguishing between poor and good fits (Fourcade et al., 2017).
Each bin can in turn act as test data, being omitted from fitting the model, while the other
bins act as training data, used to fit the model. The block method implicitly tests a
model’s ability to transfer to another region. The random seed option was selected in
MaxEnt basic settings; the remaining basic settings were left as default.
Each model was evaluated on multiple metrics; those included in the ENMeval
package are AUCTRAIN, AUCTEST, ORMTP, and AICc. The area under the receiveroperator characteristic (ROC) curve (AUC) measures a model’s ability to correctly
classify between true species occurrences and (pseudo-)absences at all probability
thresholds (Phillips and Dudik, 2008). Models with an AUC of 1 are able to discriminate
all places where the species is present from places where the species is (presumed)
absent; models with an AUC of 0.5 are as good as a random guess in discriminating
presences from (pseudo-)absences (Elith, 2002). Training AUCs are calculated based on
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only the training data that were used to build each model, whereas test AUCs are
calculated using data set aside from each model. Training AUCs can be over-optimistic if
the model is overfit, where a model is fit too specifically to the anomalies of the training
dataset. Test AUCs are less likely to value overfitting, because they do not share the same
data anomalies as they are not based on the occurrence points used to build the model,
and therefore provide a more realistic assessment of how well the model predicts species
occurrences (Warren and Seifert, 2011). AUCs range from 0.5 to 1-a/2, where a is the
fraction of pixels covered by the species’ distribution that remains unknown; therefore,
the interpretation of AUC relative to the optimal possible value for any given niche
model is unknown (Phillips et al., 2006; Coudrat and Nekaris, 2013). For this and other
reasons (Lobo et al., 2008), AUC is not considered reliable for model validation by itself.
Therefore, we report AUC only in concert with other methods of model validation.
ORMTP gives another metric to evaluate overfitting, as a value above zero shows
that there was test presence data with lower suitably than the least suitable training
presence point. Finally, AICc gives a metric to evaluate the fit of different models
relatively, with the lowest score often being the best fit; typically, this favors simpler
models (Warren and Seifert, 2011).
In addition to these, the ENMeval package was modified to provide a MaxKappa
score for the models. We included the MaxKappa metric as it is less likely to score a
model over-optimistically (Fernandes et al., 2018). The best hyperparameters for each
species model was chosen based on these five metrics; all evaluations can be found in
Supp. Table S2. Models were re-created in MaxEnt using the chosen hyperparameters. In
addition to the prior metrics, the final models were confirmed with cross-validation,
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where the data are split into k independent subsets, and for each subset, the model is
trained with k – 1 subsets and evaluated on the kth subset (Merow et al., 2013). We used k
= 10 model folds, where all samples are included in the training and test sets at least
once, iteratively.
All metrics reported are an average of all data partition evaluations, i.e. all bins
are treated as test data and evaluated once for a given model. All optimization models
were created using an R script that makes use of the ENMeval package; this and other
corresponding R scripts are available at
https://github.com/jscavetta95/MaxentModelEvaluations.

2.3 Quantifying the importance of environmental variables to the models
In addition to creating distribution models, we examined which variables were the
most important in determining each species’ distribution model. To determine the relative
importance of each individual environmental variable to the models, the fit of each model
was compared to reduced univariate models (Phillips, 2006). If an environmental variable
made up a substantial portion of the model fit when it was the only variable used,
compared to when all environmental variables were used, then that particular variable
was considered very important in creating the model for that species (Phillips, 2006).
This was done for each species for each of the two different spatial extents (Table 3 & 4).
Model fit was measured with the gain statistic. Gain is a likelihood (deviance)
statistic that measures the model performance compared to a model that assigns equal
habitat suitability to all areas of the landscape (Walters et al., 2017). Taking the exponent
of the final gain gives the (mean) probability of the presence sample(s) compared to the
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pseudoabsences. For instance, a gain of 3 means that an average presence location has a
habitat suitability of e3 = 20.1 times higher than an average pseudoabsence site (Walters
et al., 2017).

2.4 Comparisons of distributions between species
We tested whether the ant species differed significantly in their habitat
associations, which presumably reflects ecological differentiation among the ants. We
performed this test only for models at the United States extent, because the models at that
spatial extent include both soil and climatic variables, making them more comprehensive
of the natural environment as compared to the models at the United States plus Mexico
extent that includes only climatic variables. Another reason we used only the models at
the United States spatial extent is because the modeling results revealed that the
distributions are centered around terrain that is within the United States, so a spatial
extent restricted to the United States should be sufficient to capture the preferred habitat
associations of the ants.
The habitat associations of a species are quantified in the species distribution
models by the habitat suitability scores of each individual pixel (i.e., spatial grain),
because the habitat suitability scores are functions of the environment across the
landscape. The observed levels of differentiation in habitat suitability scores across the
landscape for pairs of species were calculated using the ‘niche overlap’ module of
ENMTools (Warren et al., 2010). The I statistic (Warren et al., 2008) was reported, for
this value has been shown to be highly correlated with other measures of niche similarity
(Warren et al., 2008). The ‘niche identity test’ module within ENMTools was used to: (a)
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pool the occurrence points of the two selected species and permute their identities to
create two new samples with the same amount of observations used to create the original
distribution maps per species (Warren et al., 2010); (b) model the distributions of the
permuted pseudospecies in MaxEnt; (c) calculate the amount of overlap in the habitat
suitability scores of the two permuted pseudospecies; (d) create 100 replicates of this
procedure to generate a permuted (non-parametric) distribution of the I statistics. Two
species were considered to have significantly different habitat associations if the
observed (non-permuted) I statistic for those species was below the empirically derived
5% permuted distribution of I statistics, corresponding to a 5% likelihood that the
observed differentiation in habitat associations among the two species was merely
artifactual (Walters et al., 2017).

Results
3.1 Model validation
All final species models had an AUCTEST greater than 0.8 when evaluated using
the block spatial partitioning method, an AUCTEST greater than 0.9 when evaluated with
cross-validation, and an ORMTP under 0.15. Most models had a MaxKappa greater than
0.8, apart from T. septentrionalis and T. turrifex for both United States and United States
plus Mexico (Table 4).

3.2 Areas of high habitat suitability
The two sets of models (the models at the United States extent versus the models
at the United States and Mexico extent) show areas of low to high habitat suitability in
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areas of North America. While the two set of models are not identical, there are some
areas where habitat suitability is high in the same general regions in both maps for each
species. These map differences may be attributed to the fact that the United States extent
included soil variables as well as climatic variables, whereas the models at the United
States and Mexico extent included only climatic variables.
The models of T. arizonensis, T. carinatus, T. desertorum, T. nogalensis, T.
pomonae, and T. smithi show high habitat suitability in the North American southwest:
Northern Mexico, Arizona, New Mexico, and West Texas (Figure 3 & 4). These areas
include parts of the North American deserts, Southern semi-arid highlands, and the
temperate sierras (Omernik and Griffith, 2014). In the United States and Mexico models,
there are more areas of low to intermediate areas of suitability in species, especially in the
case of T. nogalensis and T. pomonae, in comparison to the United States models.
T. septentrionalis has high habitat suitability that extends from East Texas along
the east coast into Long Island, NY (Figure 3 & 4) throughout Eastern temperature
forests, more specifically, the southeastern plains, Texas-Louisiana coastal plain, and the
Mississippi alluvial and southeast coastal plains (Omernik and Griffith, 2014). There are
very small areas of suitable habitat in Mexico. The area of high habitat suitability of T.
turrifex is limited to Texas and slightly north into Oklahoma and south into Mexico
(Figure 3 & 4) in south central semi-arid prairies, Tamaulipas-Texas semiarid plains, and
southeastern plains (Omernik and Griffith, 2014). These distributions are consistent with
historical species occurrences according to Rabeling et al. (2007).
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3.3 Quantifying the importance of environmental variables to the models
In the models at the United States extent, six out of the eight species had the
isothermality (BIO3) variable as having the largest test gain when used alone to create
their distribution maps (Table 2). Isothermality, or temperature “evenness”, quantifies
how large the day-to-night temperature oscillations are compared to the summer-towinter (annual) oscillations (Isothermality = mean diurnal range (BIO2) divided by
annual temperature range (BIO7) multiplied by 100) (O’Donnell and Ignizio, 2012).
Places like Texas or Florida may have more constant, “even” temperatures compared to
places like Illinois or New York, where yearly temperature fluctuates greatly between
summer and winter. T. septentrionalis and T. turrifex had different variables that had the
largest test gain when used alone, minimum temperature of coldest month (BIO6) and
annual mean temperature (BIO1), respectively. BIO6 is the minimum monthly
temperature occurrence in a given year or averaged span of years and is a useful variable
to examine species that are expected to be affected by cold temperatures.
In the models at the United States plus Mexico extent, mean diurnal range (BIO2)
had the largest test gain for three out of the eight species distribution models: T.
carinatus, T. nogalensis, and T. pomonae (Table 3). Mean diurnal range is the mean of
the monthly temperature ranges averaged monthly over multiple years; this variable is
useful in providing information about the relevance of temperature fluctuation on species
distributions (O’Donnell and Ignizio, 2012). For T. desertorum, T. septenrionalis, and T.
turrifex, mean temperature of the warmest quarter (BIO10) had the largest test gain. The
remaining two species had different variables that had the largest test gain when used
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alone to create the model; T arizonensis: mean temperature of the driest quarter (BIO 9),
and T. smithi: mean temperature of the warmest quarter (BIO8).
Response curves for the variable with the highest test gain for each species in both
model sets have been included in Supplemental Materials (Supp. Figures 1-7).

3.4 Comparison of the individual United States species models
The United States species distribution model of T. arizonensis did not differ
significantly from T. carinatus and T. desertorum. All other species distribution
comparisons differed significantly (Table 5).

Discussion
4.1 Distributions of Trachymyrmex in North America
In this study, we sought to create two species distribution models for each of eight
North American Trachymyrmex species: a continental United States model using climate
and soil data, and a United States plus Mexico model using only climate data. By
modeling each species’ distribution, we wished to determine which environmental
variable used in creating the model would contribute most to the overall test gain of the
model, thus identifying variables that explain each species’ distribution. We also wanted
to document whether each species distribution was significantly different from the other
species’ distribution models. This study provides the first predictive species distribution
maps for eight North American Trachymyrmex species and a more detailed look at what
environmental factors are ecologically impactful to each species and their predicted range
distributions.
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In six out of eight of the United States models, isothermality (BIO 3) is the
variable with the highest predictive value. These six species are all western, desert
species, so it seems reasonable that they would share similar climatic variables impacting
their distributions. Nevertheless, each species appears to prefer varying levels of
isothermality within their habitat range (Figure S1). For example, T. carinatus has its
highest habitat suitability (70%) at an isothermality score of around 45%, whereas T.
arizonensis has its highest habitat suitability (80%) at an isothermality score of around
51%. Otherwise stated, the highest probability of finding T. carinatus in their
geographical range is most likely in areas where the isothermality score is 45% and
consequently 51% in the geographical range of T. arizonensis. The other two species, T.
septentrionalis and T. turrifex, have different environmental distribution factors. The
distribution model of T. septentrionalis has minimum temperature of coldest month (BIO
6) as being the variable with the highest predictive value, where T. turrifex has mean
annual temperature (BIO 1). This may be because eastern and gulf coast states (where
these two species are found) may experience similar winter climates, such as strong cold
fronts and colder winter temperatures than western regions where cold polar air is
blocked by mountain ranges.
In most studies utilizing distribution modeling techniques, species distribution
models are used to create distributions of one species at a time. In this study, however,
we created models that represent two species simultaneously: each ant species and its
obligate symbiont, their fungal garden. Because the fungal gardens are found completely
underground, it was hypothesized that the soil data would be important contributors to the
ant species distributions for the models at the United States extent. Surprisingly,
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however, compared to climate variables, soil variables tended to have lower test gain,
thus contributing less to the overall models. This result was unexpected, as some species
are found in habitats with very particular soil qualities; i.e. T. septentrionalis is generally
found in very sandy soils and T. turrifex is found mostly in clay soil but can occur also in
sandy soils (J. Seal, U. Mueller, unpub obs; Rabeling et al., 2007). These findings may be
the result of climate variables remaining relatively consistent from pixel to pixel in a
given area and having a finer resolution compared to the coarsely-grained soil variables
used in these analyses. Additionally, soil variables tend to differ drastically in a given
area, where climatic variables remain relatively similar in the same size area. Therefore,
in order to find very specific soil requirements of each species, localized, smaller scale
studies may need to be conducted. Future modeling efforts could focus on another,
higher-resolution soil database, SSURG0 (USGS, 1995b), to focus in on smaller areas,
such as a county or state.
The fact that climate was more important than soils to the ant distributions
suggests that, at the coarse scale of the entire ranges of these species across the United
States and into Mexico, broader climatic factors are more important in determining
habitat suitability than fine-scale factors like soil properties, at least at the relatively
coarse resolution (i.e., the pixel or grain size) used in this study. This makes sense when
considering that, across the entire United States, the most important determinant of
whether an ant will be found in a particular region is the favorability of the climate in that
region. Climate provides the coarse outline of the species’ ranges; soils provides more
definition or shading to these outlines. Scale-dependency of ecological phenomena like
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habitat associations are a long-established concept in landscape ecology (Allen and Starr,
1982).
The United States and Mexico models’ test metric values were similar to the
United States models. Thus, even without soil variables, these models produced similarly
predictive models for Trachymyrmex species. In this climate model set, however, there is
a less clear trend as to which environmental variable contributes most to the full model
test gain. T. carinatus, T. nogalensis, T. pomonae and T. smithi share mean diurnal range
(BIO2), as the most contributing variable to the overall model, which is highly correlated
with isothermality (BIO3). The remaining species have three different climatic variables
contributing the most to the overall test gain of the full model, mean temperature of the
warmest quarter (BIO10), mean temperature of the driest quarter (BIO9), and mean
temperature of the warmest quarter (BIO8).

4.2 Species distribution model differences among species
Out of the eight United States models, the distributions of T. arizonensis, T.
carinatus, and T. desertorum were statistically indistinguishable. These results reflect the
broad sympatry exhibited by these species in the North American southwest, consistent
with previous observations (Rabeling et al., 2007). All other species distribution
comparisons show statistically significant differences between species. This may provide
evidence that these species have adapted to temperatures differently which thus may
contribute to incongruences seen in the species distributions.
Though four out of the eight species may occur in Texas, they are found in very
different ecoregions (Rabeling et al., 2007). The modeled distribution of T. arizonensis
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barely reaches Texas (Big Bend National Park). T. smithi is found primarily in the
Chihuahua Desert of western Texas, New Mexico, and Northern Mexico (Rabeling et al.,
2007). T. turrifex is spread throughout most of Texas, southern Oklahoma, western
Louisiana, and northeastern Mexico. The distributions of T. smithi and T. turrifex may
have some overlap in north-central Mexico and possibly in far-west Texas, but otherwise
have different distributions, which is documented in collection records and is supported
by the distribution models in this study. In west Texas, the north-to-south mountain chain
of the Guadalupe mountains, Delaware mountains, Apache mountains, and Davis
mountains form a higher-elevation barrier where Trachymyrmex do not seem to occur,
and where T. smithi occurs in sandy areas mostly west of that barrier and T. turrifex
mostly east of that barrier, but both T. smithi and T. turrifex co-occur in the Big Bend
area of south-west Texas (Rabeling et al., 2007; Mueller unpublished observations). The
distributions of T. smithi and T. turrifex both differ from the remaining Texas
Trachymyrmex species, T. septentrionalis. T. septentrionalis is found primarily in the
Post Oak Savannahs and Piney Woods of central and east Texas. This species shares
some overlap with T. turrifex in these areas, but because their soil requirements may
differ, this overlap tends to be locally patchy (J. Seal, U. Mueller, unpub obs). The
distributions of the three most commonly occurring species found in Texas were
significantly different than the desert occurring species, which is not extraordinary, as
their habitat requirements are, in general, drastically different.
A ninth North American Trachymyrmex species, T. jamaicensis, was not included
in this study because its distribution is limited to a few locations in coastal southeast
Florida, the Florida Keys, and the Caribbean (Rabeling et al., 2007). Future work could
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readily model T. jamaicensis using the same approach and the same soil and climate
layers described here, but at a smaller spatial extent more appropriate to forecasting the
distribution of a localized species.
Niche modeling for several of the western Trachymyrmex species suggests habitat
suitability in southern California (Figure 2 & 3), but no Trachymyrmex has been collected
so far in California (Ward, 2005). Because T. carinatus (Rabeling et al., 2007) and T.
desertorum (Mueller personal collection) occur in mesic canyons of the KOFA
mountains of western Arizona, less than 40 miles from the border with California, it may
be possible that Trachymyrmex species may occur also in mesic habitat of the mountains
in south-east California, which have not been surveyed well.

Conclusion
The methodology used in this study yielded predictive models that performed
well on a range of metrics. These findings should be tempered by the fact that species
distribution models do not predict precisely where a species will be found, but instead
predict areas of high habitat suitability for each species. The high predictive ability, based
on model validation metrics, of these models may help focus surveying efforts to pinpoint
areas of high habitat suitability resulting in the discovery of more populations, especially
in the case of rarely collected species, such as T. nogalensis and T. pomonae. In this way,
the species distribution models presented here serve as a first rough draft of the range
maps for these species. This study also provides evidence that temperature is a rangelimiting factor in all species distributions.
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Figure 2.1. Species occurrence points used to create United States extent MaxEnt models.
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Figure 2.2. Species occurrence points used to create United States and Mexico extent MaxEnt models.
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Figure 2.3. MaxEnt species distribution models for eight Trachymyrmex species in the
continental United States: (A) T. arizonensis, (B) T. carinatus, (C) T. desertorum, (D) T.
nogalensis, (E) T. pomonae, (F) T. septentrionalis, (G) T. smithi, (H) T. turrifex. USDA soil data
and WorldClim climate data were used to create models. Areas of dark blue indicate areas of high
habitat suitability and light yellow indicate areas of extreme low habitat suitability.
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Figure 2.4. MaxEnt species distribution models for eight Trachymyrmex species in the
continental United States and Mexico: (A) T. arizonensis, (B) T. carinatus, (C) T. desertorum,
(D) T. nogalensis, (E) T. pomonae, (F) T. septentrionalis, (G) T. smithi, (H) T. turrifex.
WorldClim climate data were used to create models. Areas of dark blue indicate areas of high
habitat suitability and light yellow indicate areas of extreme low habitat suitability.
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Figure 2.5. Habitat suitability in terms of Isothermality (BIO3) for the extents of Figure 3
(United States). Presented are the six out of eight species that had Isothermality as
contributing most to the test gain of their overall model: T. arizonensis, T. carinatus, T.
desertorum, T. nogalensis, T. pomonae, and T. smithi.
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Figure 2.6. Habitat suitability in terms of minimum temperature of coldest month (BIO6)
for the extent of Figure 3 (United States). Presented is T. septentrionalis, which had
minimum temperature of coldest month as contributing most to the test gain of the overall
model.
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Figure 2.7. Habitat suitability in terms of annual mean temperature (BIO1) for the extent
of Figure 3 (United States). Presented is T. turrifex, which had annual mean temperature
as contributing most to the test gain of the overall model.
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Figure 2.8. Habitat suitability in terms of mean diurnal range (BIO2) for the extent of
Figure 4 (United States and Mexico). Presented is T. carinatus, T. nogalensis, and T.
pomonae. These species had mean diurnal range as contributing most to the test gain of
the overall model.
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Figure 2.9. Habitat suitability in terms of mean temperature of wettest quarter (BIO8) for
the extent of Figure 4 (United States and Mexico). Presented is T. smithi, which had mean
temperature of wettest quarter as contributing most to the test gain of the overall model.
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Figure 2.10. Habitat suitability in terms of mean temperature of driest quarter (BIO9) for
the extent of Figure 4 (United States and Mexico). Presented is T. arizonensis, which had
mean temperature of wettest quarter as contributing most to the test gain of the overall
model.
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Figure 2.11. Habitat suitability in terms of mean temperature of warmest quarter (BIO10)
for the extent of Figure 4 (United States and Mexico). Presented is T. desertorum, T.
septentrionalis, and T. turrifex. These species had mean temperature of warmest quarter
as contributing most to the test gain of the overall model.

63

Table 1. Number of species occurrence points used to create United States models and
United States and Mexico models.
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Table 2. Summary information for each individual Trachymyrmex species’ distribution models for the United States. The test
gains for the full models are presented, as well as test gains for model fit with only one single variable. The importance of a
variable to the full model can be estimated by how much of the gain of the full model is accounted for by the gain of the model
built with only that single variable.
Test Gain
T. arizonensis

T. carinatus

T. desertorum

T. nogalensis

T. pomonae

T. septentrionalis

T. smithi

T. turrifex

Full Model

3.622

3.427

1.598

5.003

4.837

1.668

2.708

2.211

Annual mean temp. (BIO1)

0.419

0.405

0.759

0.024

0.062

1.170

0.538

1.295

Isothermality (BIO3)

1.600

1.683

1.003

2.221

1.840

0.389

1.096

0.445

Min. temp. of coldest month (BIO6)

0.886

0.788

0.881

0.816

0.574

1.341

0.965

1.215

Temp. annual range (BIO7)

0.402

0.153

0.000

0.010

0.119

0.998

-0.001

0.602

Mean temp. of wettest quarter (BIO8)

0.509

0.558

0.294

0.240

0.304

0.585

0.974

0.740

Precipitation seasonality (BIO15)

1.019

1.098

0.452

1.550

1.459

0.084

1.209

0.212

Precipitation of warmest quarter (BIO18)

0.550

0.245

0.236

0.216

0.038

1.198

0.492

0.914

Precipitation of coldest quarter (BIO19)

0.782

0.754

0.185

0.256

0.813

0.650

0.609

0.158

Annual flood frequency

0.111

-0.085

-0.058

0.083

0.528

0.305

0.146

0.125

Available water capacity

0.091

0.086

0.085

0.090

0.086

0.051

-0.011

-0.001

Calcium carbonate in soil layer

0.183

0.105

0.019

0.525

0.516

0.115

0.359

0.904

Cation exchange capacity

0.119

-0.039

0.019

0.555

0.560

0.047

0.006

0.241

Share of map unit with hydric soils

0.091

0.086

0.085

0.083

0.086

0.051

-0.011

-0.001

Erodibility

0.117

-0.035

0.000

0.711

0.700

0.232

-0.002

0.135

Average depth of bedrock

0.159

-0.019

-0.021

0.353

0.372

0.158

-0.006

0.317

Slope of map unit

0.100

-0.032

0.000

0.630

0.630

0.211

-0.007

0.192

Depth of soil

0.129

-0.097

-0.019

0.525

0.522

0.182

0.0521

0.373
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Table 3. Summary information for each individual Trachymyrmex species’ distribution models for the United States and Mexico.
The test gains for the full models are presented, as well as test gains for model fit with only one single variable. The importance
of a variable to the full model can be estimated by how much of the gain of the full model is accounted for by the gain of the
model built with only that single variable.
Test Gain
T. arizonensis

T. carinatus

T. desertorum

T. nogalensis

T. pomonae

T. septentrionalis

T. smithi

T. turrifex

Full Model

2.908

1.982

1.385

2.012

1.973

1.867

2.454

2.216

Mean diurnal range (BIO2)

0.456

0.677

0.605

0.797

0.862

0.451

0.850

0.156

Temp. annual range (BIO7)

0.240

0.485

-0.004

0.000

0.000

0.737

0.044

0.574

Mean temp. of wettest quarter (BIO8)

0.245

0.265

0.109

0.0.24

0.150

0.836

1.039

0.721

Mean temp of driest quarter (BIO9)

0.586

0.479

0.839

0.096

0.278

0.571

0.423

0.868

Mean temp. of warmest quarter (BIO10)

0.010

0.027

0.882

0.000

0.000

1.173

0.471

1.208

Precipitation of wettest month (BIO13)

0.091

0.006

0.323

0.000

-0.002

1.012

0.892

0.365

Precipitation seasonality (BIO15)

0.562

0.646

0.045

0.140

0.502

0.326

0.999

0.449

Precipitation of coldest quarter (BIO19)

0.392

0.540

0.135

0.136

0.708

0.884

0.556

0.216
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Table 4. Selected model validation metrics for each species in each extent.
Allowed

Regularization

Features

Multiplier

Species

AUCTRAIN CV

AUCTEST CV

AUCTEST Block

ORMTP

MaxKappa

T. arizonensis

US

LQHPT

1.5

0.981 ±0.000

0.971 ±0.000

0.827 ± 0.070

0.046 ± 0.003

1.000 ± 0.000

T. carinatus

US

LQH

2

0.987 ±0.000

0.976 ±0.000

0.890 ± 0.033

0.150 ± 0.037

0.994 ± 0.000

T. desertorum

US

LQ

2

0.976 ±0.000

0.938 ±0.003

0.961 ± 0.004

0.036 ± 0.036

0.847 ± 0.094

T. nogalensis

US

LQH

2

0.999 ±0.000

0.999 ±0.000

0.998 ± 0.000

0.000 ± 0.000

0.969 ± 0.001

T. pomonae

US

LQH

1.5

0.999 ±0.000

0.999 ±0.000

0.987 ± 0.001

0.000 ± 0.000

0.905 ± 0.033

T. septentrionalis

US

LQ

1

0.934 ±0.000

0.928 ±0.000

0.927 ± 0.008

0.099 ± 0.040

0.716 ± 0.124

T. smithi

US

LQ

2.5

0.987 ±0.000

0.978 ±0.001

0.962 ± 0.001

0.107 ± 0.046

0.941 ± 0.006

T. turrifex

US

LQH

2.5

0.969±0.000

0.962±0.000

0.934 ± 0.011

0.138 ± 0.027

0.677 ± 0.194

T. arizonensis

US + M

LQ

2

0.963 ±0.000

0.957 ±0.005

0.932 ± 0.014

0.053 ± 0.006

0.892 ± 0.021

T. carinatus

US + M

LQH

1.5

0.983 ±0.000

0.967 ±0.002

0.976 ± 0.002

0.048 ± 0.003

0.895 ± 0.025

T. desertorum

US + M

LQ

1

0.945 ±0.000

0.915 ±0.015

0.972 ± 0.004

0.125 ± 0.063

0.912 ± 0.010

T. nogalensis

US + M

LQHPT

2.5

0.981 ±0.000

0.978 ±0.000

0.995 ± 0.000

0.125 ± 0.063

0.939 ± 0.005

T. pomonae

US + M

LQH

2

0.976 ±0.000

0.976 ±0.000

0.982 ± 0.003

0.125 ± 0.063

0.999 ± 0.000

T. septentrionalis

US + M

LQHPT

2

0.949 ±0.000

0.942 ±0.000

0.932 ± 0.004

0.018 ± 0.001

0.779 ± 0.044

T. smithi

US + M

LQHPT

2.5

0.978 ±0.000

0.969 ±0.001

0.977 ± 0.000

0.075 ± 0.023

0.958 ± 0.001

T. turrifex

US + M

LQHPT

1.5

0.970 ±0.000

0.962 ±0.000

0.909 ± 0.019

0.100 ± 0.011

0.722 ± 0.222

Values reported are the mean ± variance from all model repetitions using varying training and test sets. Metrics based on
cross-validation partitions are denoted with CV. All other metrics are based on spatial partitions using the block method.
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Table 5. Observed I-values and critical I values from the permutation tests. Significant results (nonidentical niches) occur when the observed value is below the 5% critical value from the permutation
analysis. Pairs of niches that are significantly or marginally significantly different are highlighted.
Species Comparison

Observed I

T. arizonensis vs T. turrifex

0.489

0.923

T. arizonensis vs. T. carinatus

0.939

0.817

T. arizonensis vs. T. desertorum

0.727

0.662

T. arizonensis vs. T. pomonae

0.492

0.504

T. arizonensis vs. T. septentrionalis

0.387

0.936

T. arizonensis vs. T. smithi

0.662

0.851

T. carinatus vs. T. desertorum

0.785

0.689

T. nogalensis vs. T. pomonae

0.969

0.974

T. pomonae vs. T. septentrionalis

0.259

0.827

T. septentrionalis vs. T. nogalensis

0.204

0.725

T. septentrionalis vs. T. smithi

0.168

0.888

T. septentrionalis vs. T. turrifex

0.579

0.959

T. smithi vs. T. nogalensis

0.349

0.684

T. smithi vs. T. turrifex

0.473

0.874
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5% critical I

Chapter 3
Experimental cold-tolerance of Trachymyrmex septentrionalis and its symbiotic fungal
cultivar

Senula, S.F., Scavetta, J. T., Mueller, U.G., Seal, J.N., and Kellner, K. Experimental
cold-tolerance of Trachymyrmex septentrionalis and its symbiotic fungal cultivar
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Abstract
Symbioses exist among almost every organism on the planet and consist of two or more
organisms in persistent, physical contact with one another. Symbionts can have profound
effects on host fitness, adaptations, and range distributions. Stress-induced evolution is
difficult to show in an obligate symbiosis, however, adaptive evolution within an obligate
symbiosis can be investigated experimentally or by correlating trait variation among
ecological clines (i.e. temperature gradients). We investigated the cold-tolerance of
Trachymyrmex septentrionalis by performing cold-tolerance assays comparing two
populations collected from a site located near the southernmost range of their distribution
(Bastrop, TX) and on populations collected from a site that is approximately 600 km
north (Norman, Oklahoma). We first compared isolated fungal cultivars to determine
cold-tolerance of fungus alone. In a follow-up experiment, we aimed to determine
whether ant presence influenced the cold-tolerance of the fungal cultivar by creating four
experimental sub-colony groups that consisted of either northern or southern ants and
either northern or southern fungus. Northern fungal populations are more cold-adapted
then southern fungal populations. We have also determined that ant presence has an
effect on survivability of the fungal garden when exposed to cold temperatures. By
demonstrating the cold-tolerance and thus adaptive evolution of this symbiosis, we may
be able to predict how other ectotherms may adapt and respond to global climate change.

Introduction
Symbioses exist among almost every organism on the planet and typically consist
of two or more organisms that are in persistent, physical, and mutually beneficial contact
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with one another (Bronstein et al., 2004). Such mutualistic symbioses between microbial
symbionts and eukaryotic hosts have generated diverse ecological and evolutionarily
important transitions (Maynard and Szathmáry, 1995; Moran, 2007; Douglas, 2010).
Symbionts can have profound effects on the fitness, adaptation, and range distribution of
its host (Muhammad et al., 2017; Russel et al., 2016; Engel and Moran, 2013). Insects,
the most abundant and diverse taxon on earth, can attribute their ability to live in a wide
range of ecological niches partly to their symbiotic relationships with microorganisms
(Douglas 2009, 2015). Certain symbionts may cause host species to be less or more
susceptible to environmental stress, therefore, hosts may actively reassociate with
symbionts by substituting, purging, or acquiring new symbionts (Russel and Moran,
2006; Márquez et al., 2007; Wernegreen and Wheeler, 2009; Hofmann and Todgham,
2010; Grube et al., 2010). In addition to shorter-term plastic responses, host-symbiont
relationships may respond evolutionarily when one or both partners are subjected to
ongoing environmental stress (Mueller et al., 2011; Harmon et al., 2009). Stress-induced
evolution is difficult to show in an obligate symbiosis compared to facultative symbiont
reassociation, however, adaptive evolution within an obligate symbiosis can be
investigated experimentally or by correlating trait variation among ecological clines (e.g.
steep temperature or climate gradients) (Pamilo and Savolainen, 1999).
In the light of global climate change, many symbioses have been studied
regarding stress-induced and adaptive evolution (Stuart-Smith et al., 2018; Wolff et al.,
2015; Bent, 2006). One symbiosis yet to be thoroughly considered is that between fungalgardening ants and their fungal symbionts. Higher-attine ants (genera Trachymyrmex,
Sericomyrmex, Acromyrmex, and Atta) cultivate gardens of fungal monoculture
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(leptiotaceous basidiomycetes in the family Agaricaceae) as their primary food source,
while the fungal garden is maintained in ideal environmental conditions by the ants
(Weber, 1972; Hölldobler and Wilson, 1990; Ward et al., 2015). Basal lower-attine ant
lineages cultivate fungi that have been found free-living, while higher-attine ants
cultivate fungi that are only found within attine colonies, thus forming an obligate
symbiotic relationship between the ants and their fungal cultivar.
Attine ants present a unique study system to investigate co-evolution in two or
more organisms, yet there is only one study to date that investigates adaptive evolution in
this symbiosis experimentally. This study demonstrates that fungal symbionts in the
northernmost populations of Atta texana fungus have increased survivability when
exposed to cold-temperatures compared to fungal symbionts found in southern
populations (Mueller et al., 2011). The evolution of a cold-tolerant fungal cultivar and the
translocation of fungal gardens to deeper winter chambers within the colony allowed this
attine species to expand their ecological niche northward into previously uninhabitable
habitats. Cold-tolerant fungal cultivars likely increase colony fitness and garden
productivity, resulting from longer growing seasons or increased garden output in colder
temperatures (Mueller et al., 2011). In the present study, we aimed to investigate coldtolerance of a higher-attine non-leafcutter species (Trachymyrmex septentrionalis) and
their fungal cultivar, to build on previous cold-temperature adaptive evolution in attine
ants.
Trachymyrmex is primarily a tropical genus, but in North America most species
are found in the arid southwestern states of Arizona, New Mexico, and Texas, and in
Northwestern Mexico. It is hypothesized that North American Trachymyrmex species
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were originally adapted to survive in dry, arid environments (Rabeling et al., 2007; Seal
and Tschinkel, 2006, 2010; Branstetter et al., 2017), but two species, T. turrifex and T.
septentrionalis, expanded northeastward well into the temperate zone and thus live in
wetter, cooler climates. T. septentrionalis is found in East Texas and has a range that
extends northward into Illinois and along the east coast towards Long Island, New York
(approx. 40°N) (Rabeling et al., 2007; Seal et al., 2015). T. septentrionalis is a
widespread species, where their biomass can take up large portions in southern United
States pine forests, with over 1,000 nests present in a single hectare (Seal and Tschinkel,
2006). T. septentrionalis has a range with large temperature gradients and extreme
northern range limits compared to other members within the Trachymyrmex genus, which
makes this symbiosis an ideal study system to investigate northern fungiculture and
adaptive evolution.
In this study, we investigated the cold-tolerance of Trachymyrmex septentrionalis
by performing cold-tolerance assays comparing two populations collected from a site
located near the southernmost range of their distribution (Bastrop, TX) and on
populations collected from a site that is approximately 600 km north (Norman,
Oklahoma) (Seal et al., 2015). First, we wanted to determine cold-tolerance of fungal
cultivars without the presence of ants for each population. Second, we wished to
determine whether ant presence influenced the cold-tolerance of the fungal cultivar by
creating four experimental (fully balanced, cross-fostered) sub-colony groups that
consisted of either northern or southern ants and either northern or southern fungus. We
hypothesized that fungus from the northern collection site would be more cold-tolerant
compared to fungus excavated from the southern collection site. We also hypothesized
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that ant presence would have an interactive effect on fungal cold-tolerance, where
northern ants and northern fungus would be the most tolerant to cold, southern ants and
southern fungus would be the least tolerant, and the two experimental switch subcolonies (northern ants with southern fungus and southern ants with northern fungus)
would have a tolerance somewhere in between.

Methods
2.1 Colony Collection and Maintenance
Live Trachymyrmex septentrionalis colonies were collected between April and
June 2017. Colonies were collected in two different sites located in Norman, Oklahoma
(35°12′36.22″N, 97°30′09.34″W) on May 22-24, 2017 (these served as the Northern
population colonies) and Bastrop, Texas at the University of Texas’ Stengl ‘Lost Pines’
Biological Station (30°5′13.1″N, 97°10′25.5″W) on April 6-8, 2017 (these served as the
Southern population colonies). Great effort was put into excavating full colonies,
obtaining all ants, fungus, and queen(s). Colonies were collected by excavating a
small pit approximately 30 cm from the nest entrance. Tunnels and fungal garden
chambers were found by slowly removing soil from the face of the pit toward the
entrance with a trowel, putty knife, and kitchen spoons. All tunnels were followed until
all ants were collected. (Seal and Tschinkel 2006, 2007a, 2007b, 2007c). Amidst
collecting, ants were placed in trays coated in Fluon © (Northern Products, Woonsocket,
RI), to prevent escape. Ants were kept in collection trays for 1-2 days to allow ants to
clean debris from the fungus. Once the fungal garden was cleaned, all fungus and ants
were moved into 7.5 x 7.5 x 3 cm plastic containers lined with water saturated dental
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plaster on the bottom and a plastic lid to prevent ants from escaping. Foraging containers
of the same dimensions were connected using plastic tubing. Fungal chambers were
added as needed to allow for colony growth. All colonies were fed weekly with a varying
diet of polenta, rose petals, or oak catkins. Although diet was variable, colonies always
received the same type and approximately amount of food on feeding days. Distilled
water was added to fungal boxes as needed to prevent colonies from desiccation.

2.2 Fungal Isolation for Cold-Tolerance Assay
In order to obtain fungal isolations, sterile forceps were used to take a small part
of the fungal garden from the colony and placed into a small petri dish. The fungus was
then further separated into smaller pieces and put onto a PDA agar plates. The plates
were wrapped in Parafilm and placed into an incubator at 22.5º. Plates were checked
daily for growth. If plates were contaminated, they were discarded immediately, unless
the fungal sample was salvageable. This was performed until pure fungal strains were
isolated from each collected colony. These isolates were kept in the incubator until they
attained a healthy colony of about 1 cm in diameter. We were able to successfully isolate
8 fungal cultures from Norman, OK (Northern population) and 9 fungal cultures from
Bastrop, TX (Southern population).

2.3 Fungal Cold-Tolerance Assay
To determine fungal-garden cold tolerance, we examined cold tolerance of the
fungal symbiont by quantifying viability and survivorship after being exposed to
gradually decreasing temperatures (Mueller et al., 2011). Each colony fungal sample
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from each collection site was subcultured onto small, brand new plates with exactly 10
mL of PDA agar in each plate. Only one piece of relatively similar sized fungus was
placed onto each brand-new plate. Fungal isolates from each colony from both Northern
and Southern collection sites were subcultured onto 30 separate small agar plates. Each
plate was wrapped in Parafilm and placed into the incubator for 6 weeks to grow to a
healthy size (approximately 1 cm in diameter).
For each fungal isolate, the 30 plates were split between two box freezers
(Insignia NS-CZ35WH7) to control for slight differences in humidity or air flow. Each
freezer was temperature controlled by its own Inkbird Itc-308 Digital Temperature
Controller Outlet Thermostat and was monitored by its own Elitech RC-5 USB
Temperature Data Logger. Freezer (or cold-incubator) temperatures were monitored daily
so ensure they were staying at a consistent temperature.
Temperatures were gradually decreased by increments of 4°C for the first half of
the experiment to imitate the gradual cooling from Fall to Winter. On Day 0 of the
experiment, 15 plates for each colony were moved into either cold-incubator (set at 10ºC)
to start the regime of the decreasingly colder temperatures. The temperature was set to
10ºC and was kept at this temperature for the first four days of the experiment. On day 4,
the temperature was then lowered by 4ºC and stayed at this temperature for another four
days (10ºC for four days, then 6ºC for four days). On day 8, the temperature was lowered
again by 4ºC to 2ºC and then stayed at this temperature for 16 days, totaling four 4-day
cycles at a constant temperature of 2ºC. The total process took 24 days to complete and
there were six 4-day cycles. At the end of each 4-day cycle, before lowering the
temperature, two plates from each colony from each freezer were randomly chosen to be
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moved into a flow hood for subculturing isolates onto a corresponding set of “recovery
plates”. Subculturing involved cutting a 3 mm by 5 mm strip radially into the fungal
mycelium, to ensure that both young and old mycelium was transferred onto the recover
plate. During the recovery stage, the plates were kept at room temperature to allow fungal
mycelium recovery. At this time, pictures were taken once a week to account for weekly
growth and recovery rate. This was done for a total 6 weeks after each set of recovery
plates were made. Area (mm²) was measured for each fungus sample using ImageJ
(Ruden et al., 2017). Total number of fungal plates measured from each population in
each temperature regiment varied, as some recovery plates were contaminated, and
measurements were not taken after contamination was noted.

2.4 Ant-fungal cross fostering experiment
To determine the proximate contribution of each member of the ant-fungal
symbiosis to the cold-tolerance in the overall symbiosis, we created small colonies of 15
workers and small fungus garden fragments to place into cold-temperature incubators.
We created four types of colonies: northern ants and northern fungus (n=18), southern
ants and southern fungus (n=18), northern ants and southern fungus (n=20), and southern
ants and northern fungus (n=18). Duplicates were created for each subcolony. Ants and
gardens were physically separated, then reassembled by treatment, following the
established cultivar switch procedure (Seal et al., 2012; Seal & Mueller, 2013). Workers
were taken from queenright colonies that had at least 100 individuals and placed into
water saturated dental plaster lined petri dishes that had a smaller unlined petri dish lid in
the center. Colonies were watered with a few drops of distilled water every 2-3 days
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during the entirely of the experiment. Fresh food, (polenta, catkins, frass, rose petals)
was provided every 2-3 days. All colonies were given approximately the same amount of
food and water and colonies were cleaned before every feeding session by removing old
food and cleaning the small plastic petri dish with 70% ethanol solution.
Ants were taken from their colony and placed into petri dishes on May 21st, 2018,
without fungus, to control for physical separation of fungus in the experimental switch
groups. If there was any evidence of fungus or brood, they were immediately discarded.
On May 23rd, each colony received a small piece of fungus, either from a northern colony
or southern colony. All colonies that were given northern fungus received a cultivar from
the same colony. Colonies given southern fungus received cultivars from one of two
colonies. If ants rejected the fungus, it was taken out and new fungus was given until the
ants accepted the cultivar.
Once subcolonies were established, they remained at room temperature for three
weeks to allow ants and fungus to become acclimated. On June 14th, 2018, duplicate sets
of subcolonies were separated into two chest freezers described above in the fungal coldtolerance experiment, as to control for slight differences in humidity or air flow. On Day
0 of the experiment, the temperature was set to 10ºC and was kept at this temperature for
the first four days of the experiment. The decreasing temperature regime was identical to
the fungal cold-tolerance experiment, except the colonies were only at 2ºC for 12 days
(10ºC for 4 days, 6ºC for 4 days, 2ºC for 12 days). The total process took 20 days to
complete. Unlike the fungal cold-tolerance, all subcolonies remained in the freezers for
the entire duration of the cold temperature regime. Water and food were provided, though
ants became decreasingly inactive as the temperatures decreased.
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Subcolonies were taken out of the cold temperatures on July 4th, 2018 and
allowed to become reacclimated to room temperature. On July 5th, the number of dead
ants were recorded. Ant survival was recorded daily for 2 months. Fungal-garden size
was also measured weekly for 2 months. The area (cm²) of the fungal garden was
measured using ImageJ. If a subcolony lost its garden, they were not given new fungus
and garden size was measured as 0. All colonies received the same amount of distilled
water and food regardless of garden size and health.

2.5 Data Analysis
For the isolated fungal growth curves, the data were fit using a linear mixed
growth model with the lme4 package on R. The fixed effects of the model consisted of
time, temperature, population, and all interactions of the three. Random effects were
added to the time factor using the interaction of colony and fridge. The model was
optimized to fit a growth transformation, where the transform of growth is equal to
log30 (𝑔𝑟𝑜𝑤𝑡ℎ + 30). After fitting the model, estimated marginal means were calculated
for each population and temperature interaction levels (emmeans). The estimated
marginal means were then compared pairwise using a t-test; the Tukey method was used
to adjust the p values for multiple comparisons.
The final fungal garden sizes of the subcolonies were modeled with an ANOVA
using the fungal origin, the ant population, and an interaction term of the two as factors.
In the model, fungal garden sizes were transformed by the following: ln(𝑔𝑎𝑟𝑑𝑒𝑛 + 1).
Each level combination of each factor was compared post-hoc using the Tukey method.
Ant survival curves were created using Kaplan-Meier estimators. Individual survival
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curves were then compared pairwise using a log-rank test. P values were adjusted for
multiple comparisons using the false discovery rate (FDR) adjustment method. Survival
analysis was done with the survival package on R (Therneau, 2015).

Results
3.1 Fungal cold-tolerance
Growth curves (Figure 3.1) were created for each population according to their
temperature regime. Growth curves were composed of 7 measurements, recorded first
when fungus was placed on recovery plate (to serve as zero growth), and then once
weekly for 6 weeks after fungus was taken out of cold incubator and placed on recovery
plate. When northern and southern fungus was exposed to 10°C for four days, there was
no difference in growth during the recovery phase (p=0.2536, t=2.69, df=68.5). Fungus
that was exposed to 10°C for four days and 6°C for four days both had a significant
decrease in growth during the recovery phase: north fungus (p<0.0001, t=6.13,
df=2672.7), south fungus (p<0.0001, t=25.304, df=2672.7). Further, northern fungus and
southern fungus differed after this temperature exposure (p<0.0001, t=7.908, df=61.4).
When fungus was exposed to 10°C for four days, 6°C for four days, and 2°C for four
days, there was no decrease in northern fungal recovery growth (p=0.2501, t=-2.654,
df=2670.9), however, southern fungus had a significant decrease in recovery growth, in
fact, no southern fungus was able to grow beyond this point in the experiment growth
(p<0.0001, t=-9.455, df=61.5). We observed decreased growth in northern fungus, but
still saw significantly more growth than southern fungus, after exposure to the last three
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temperature regimes, 10°C for four days, 6°C for four days, and 2°C for eight days, 10°C
for four days, 6°C for four days, and 2°C for twelve days, and 10°C for four days, 6°C for
four days, and 2°C for sixteen days. Northern fungus, see Figure 3.1 (C.), differed from
northern fungus (D.) (p<0.0001, t=6.097, df=2670.9), which differed from (E.)
(p<0.0001, t=7.47, df=2671)., which differed from (F.) (p<0.0001, t=12.18, df=2670.7).

3.2 Ant-fungal cross foster experiments
Fungus garden area (cm²) was compared between all experimental ant/fungal
groups (Figure 3.2). Southern ants and southern fungus garden subcolonies were
significantly smaller than all other subcolonies (p < 0.001). All but two subcolonies from
the southern ants/southern fungus group had fungal gardens that perished after being
exposed to the cold-temperature regime. Subcolonies with northern ants and northern
fungus did not differ in fungal garden size, two months post-cold-incubation, from
subcolonies with northern ants and southern fungus (p = 0.65) or from subcolonies with
southern ants and northern fungus (p = 0.99). Subcolonies with northern ants and
southern fungus also did not differ from subcolonies with southern ants and northern
fungus (p = 0.71).
Similar to the measures of garden size above, subcolonies with southern ants and
southern fungus had the lowest survival relative to all other subcolonies (p <
0.001).Subcolonies with northern ants and northern fungus did not differ in ant’s
probability of survival from subcolonies with northern ants and southern fungus (p =
0.88) or from subcolonies with southern ants and northern fungus (p = 0.61). Subcolonies
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with northern ants and southern fungus also did not differ from subcolonies with southern
ants and northern fungus (p = 0.61).

Discussion
The aim of the present study was to investigate and compare the cold-tolerance of
an obligate symbiosis, T. septentrionalis and its fungal partner, between populations
collected near the southernmost range of their distribution (Bastrop, Texas) and
populations collected from a site that is approximately 600 km north (Norman,
Oklahoma). The goal was to determine whether cold tolerance was a function in variation
in ant or fungal traits or arose from an interaction between ants and fungus.
One of the more basic findings in this study is that we discovered marked coldtolerance between the two populations of T. septentrionalis used in this study. When the
isolated fungal cultivar cold-tolerance was compared, there was a clear difference in
cold-adaptability between populations. In northern populations, we determined that when
exposed to gradually decreasing temperatures, the fungus survived the cold and grew
after being taken out of the cold-temperature regime and cultured for recovery. We found
that on average, northern fungus was able to survive and recover after being exposed to
all 6 temperature regimes. However, the southern populations were not able to survive or
recover after being exposed to 2⁰ for 4 days. With this first assay as a baseline and
confirmation that there was a difference between fungal cold-tolerance in the two
populations, we were then able to test whether ant presence had an effect on the overall
cold-tolerance of the symbiosis. We did this by creating small subcolonies with either
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northern or southern ants and northern or southern fungus. We found that when subjected
to gradually decreasing temperatures, the southern ants tending to southern fungus were
both unable to survive and thrive, compared to the other three experimental groups, as
seen by the death of both the ants and fungus at greater rates during the two-month long
recovery phase.
One of the more striking findings in our study is that it appears that for the
symbiosis to be resistant to cold, only one partner must be cold tolerant. When southern
fungus was grown by northern ants and then subjected to cold-temperatures, we found
that the southern fungus survives the entire duration of cold and then grows during the
recovery phase similar to ants growing northern fungus. This could indicate behavioral
differences between northern and southern ant populations. Similarly, we found southern
ant survival while growing northern fungus is on par with that of northern ants growing
either northern fungus or southern fungus. This difference in ant survival could be
attributed to the fact that the southern ants growing the southern fungus lost their food
source, whereas the southern ants growing northern fungus did not and thus had higher
chances of survival.
Though the northern populations utilized for this experiment are not at the most
extreme northern range of T. septentrionalis, the average low ambient air temperature in
Norman, OK is approximately -2.2⁰ C, where the average low ambient air temperature in
Bastrop, TX is approximately 3.3⁰ C. It seems that with this small difference in low
average ambient air temperatures, selection on ants and fungus for cold-tolerance has
occurred. Because we had decreasing temperatures of 4⁰ C, we are unable to pinpoint at
what temperature between 2⁰ C and 6⁰ C southern fungus survivability starts to decline.
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Further studies could investigate at what point does survivability of southern population
fungus start to decline (perhaps around 3.3⁰ C). Additionally, a similar study could
investigate the cold-tolerance of northern-most range populations, to determine if there is
a gradual increase in cold tolerance as latitude increases. Furthermore, we found that
southern fungus survives cold temperatures when grown by northern ants, but not
southern ants, which may indicate a potential difference in behavior between the two ant
populations. Further work is needed to determine if, and what, behaviors are taking place
that enable southern fungus to survive when farmed by northern ants.
By examining the cold-tolerance and thus adaptive evolution of this symbiosis,
we may be able to predict how other ectotherms may adapt and respond to global climate
change. Many studies have addressed climate change responses in symbioses, though
terrestrial ectotherm symbioses studies are limited. For the first time, we were able to
disassemble a fungal-gardening ant symbiosis and observe cold-tolerance in two
populations from areas that differ in an average low temperature by about 5°C. We have
documented that when grown without the presence of ants, northern populations of
fungus are more cold-tolerant than southern populations of fungus. Further, we have
shown that there is an ant effect on fungal cold-tolerance and survivability, and likewise,
there is a fungus effect on ant survivability when exposed to cold temperatures. More
work is needed to understand why certain populations are more cold-tolerant then others,
such as physiological or behavioral differences.
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Figure 3.1. Growth curves of Northern and Southern populations of fungus after
exposed to a cold temperature regime: A. 10ºC for 4 days, B. 10ºC for 4 days, 6ºC
for 4 days, C. 10ºC for 4 days, 6ºC for 4 days, 2 ºC for 4 days, D. 10ºC for 4 days,
6ºC for 4 days, 2 ºC for 8 days, E. 10ºC for 4 days, 6ºC for 4 days, 2 ºC for 12
days, F. 10ºC for 4 days, 6ºC for 4 days, 2 ºC for 16 days. Curves depict growth
after fungus was taken out of cold temperature regime and placed on recovery
plate at room temperature. Letters indicate significant differences in fungal growth
during the recovery phase.
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Figure 3.2. Average size of fungal garden two months after being exposed to
cold temperatures. Asterisks (*) indicate significant differences in subcolony
fungal garden size.
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Figure 3.3. Ant survival probability after being exposed to cold
temperatures. Ant survival was recorded for 64 days once taken out of coldincubators. Asterisks (*) indicate differences in ant survival probability.

90

Chapter 4
Discussion and Study Conclusions
The symbiotic relationship between fungal-gardening ants and their fungal
cultivar present a unique study system to investigate adaptive evolution. In the species
utilized in the presented study, the ants and that fungi are in obligate relationships, where
one cannot survive without the other. As such, we can investigate what environmental
factors impact the ranges of both the ant and fungal partners and predict how they may
respond to climate change in the Anthropocene.
In the first chapter, I present species distribution models for eight North American
Trachymyrmex species. Trachymyrmex is one of the most species rich genera of fungalgardening ants and it is believed that they originated in the New World tropics and
expanded northward into Mexico and the United States. Though most of these species are
widespread and common, current geographical ranges remain somewhat unknown. In
order to predict the ranges of these species, I first created two sets of models to
investigate eight out the nine species known to occur in the continental United States.
The United States models were created using climate and soil data and known
observation points of each species, where the United States and Mexico models only
utilized climate data and known observation points. As sampling in Mexico can be much
more problematic than sampling in the United States, this may account for why ranges of
some of the presented species are not completely understood. We chose to create a
United States and Mexico model set, even though we do not have soil data available,
because we wished to predict how far certain species ranges may extend into Mexico.
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These models should be observed with the knowledge that we most likely do not have
species occurrence data from the complete range in the case of some species.
These models do not predict where each ant species will be found, but instead,
they predict areas of low to high habitat suitability. This habitat suitability is predicted
based on the environmental characteristics of where species have already been collected
and projects a prediction across a given extent. From this, we can determine which
environmental characteristics may be impacting species distributions the most, or in other
words, are the limiting factors in species range expansion. We predicted that because ants
are ectotherms, and depend on temperature for development, that temperature would be
an important variable in the synthesis of the models. Further, we hypothesized that soil
would be an important variable, as all of these species create underground chambers to
house their fungal gardens. All 16 models depended on temperature variables the most,
and with this have further evidence that temperature is a range-limiting factor in these ant
species. Surprisingly, however, soil had very little impact on the models, which we infer
that the soil layers used in MaxEnt may have been too coarse of a resolution, and finer,
smaller scale studies may need to be done in order to determine if soil preferences are
responsible for range expansion. Furthermore, the same environmental layers were used
for all species, therefore, follow-up studies could use other environmental characteristics
to investigate distributions. Additionally, some species have localized distributions, i.e. T.
arizonensis, and it could be beneficial to model this species just in its native range of the
American southwest and northern Mexico to get a better understanding of environmental
requirements, instead of the entirety of the United States and Mexico.
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Arguably, T. septentrionalis has one of the largest distributions among attine
species, as its range comprises most of the eastern United States. Chapter 1 provides
evidence that the minimum temperature of coldest month (BIO6) for the extent of the
United States (Figure 2.3) contributed most to the test gain of the overall model for T.
septentrionalis, which suggests that this environmental factor is one of the limiting
factors for this species’ distribution. This species, however, is notable in the fact that
some populations can survive colder, harsher winters compared to closely related ant
species in its genus. Previous studies have investigated adaptive evolution of Atta texana
fungal cultivars and have suggested that populations in the northern most ranges have
undergone selective pressure to be cold-tolerant. As T. septentrionalis has a large range
with steep temperature differences in the winter, we wished to investigate the coldtolerance of two different populations. Evidence suggests that both ants and fungus have
undergone selective pressure to be cold-tolerant, even in populations that are not at the
most extreme northern limits. Further studies could elaborate on the presented study and
investigate the cold-tolerance of this species throughout its range. Further, desiccation
and heat-tolerance studies could be performed to quantify how this species may have
adapted to differences in water availability or summer temperatures. Studies investigating
the upregulation of genes during exposure to these environmental stressors may also give
insight as to the genes or traits that were acted on during environmental stress adaptation.
The symbiotic relationship between a fungal-gardening ant and its obligate
cultivar are complex and these studies begin to give us a better insight at how these
organisms adapt and respond to their environment. This may help us predict how other
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ectotherms and organisms involved in obligate symbiotic relationships will react to
global climate change.
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